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INTRODUCTION 

Coal conversions typically involve reacting coal under severe conditions of temperature 
and pressure. As a result, bond cleavage is nonselective and often accompanied by retrogres- 
sive (bond forming) reactiona. Thia has resulted in less than satisfactory results in deducing 
coal structure, coal behavior, and reactivity. Incorrect model of the basic structural units of 
the coal, and the nature of the linkages joining these units have been postulated. In our 
laboratory, we are studying the solubikation of coal a t  ambient temperatures and pressures 
using a site-speciic reagent potassium-crown ether (K-CE), and the characterization of the 
soluble coal oligomer fragments (1,2). The small size and high reactivity of the solvated elec- 
trons generated by the K-CE reagent, promotes cleavage reactions at ether (3-S), ester ( e ) ,  
and diarylethane linkages (6,7), resulting in depolymerization and solubilization of coal. 
Reduction of aromatic rings to dihydro and tetrahydro analogs also Occur (2,s). In this paper 
we report on the solubilisation of a Wyodak premium subbituminous coal using K-CE 
reagent. The characteriration of the eolubilired coal fragments by IR, NMR, GPC, and 
microanalysis, is described. 

EXPERIMENTAL 

Material 

Premium Wyodak subbituminous coal (-20 mesh, C=74%, H=5.1%, 0=20%, S=O.S%) 
was obtained from the Argonne Premium Coal Sample Bank, Argonne National Laboratory, 
IL. Coal samples were used immediately upon opening the glass ampoule. -100 mesh coal used 
in our study was prepared by grinding the -20 mesh coal in a glove box under liquid nitrogen. 
The coal was then dried under vacuum for three houra and used immediately for the K-CE 
reactions. 

Reactlon or Wyodak Coal With  K-CE Reagent 

The stoichiometry of the reagents, and the experimental conditions for the coal-K-CE 
reaction followed established procedure as reported earlier (1,2). The work-up procedure for 
the reactisn in ahown in Figure 1. 

Spectroncopic Analyein 

Proton NMR spectra waa obtained from a Nicolet NTC-470 spectrometer (470 MHz) a t  
ambient temperature. Coal samples (20 mg) were dissolved in 0.5 ml of chloroform-d (THF-1 
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fraction), or DMSO-d6 (THF-2 and alkali-soluble fractions). Proton decoupled I3C NMR spec- 
tra were obtained from NTC-200 (50 MHz) a t  45OC (22OC for THF-1 fraction). The sample 
concentration was 50 t o  75 mg of sample per 1 ml of Nh4Ft solvent. For alkali-soluble fraction 
NaOD/D,O was used in the 

Gel Permeat ion  Chromatography 

Gel Permeation Chromatography (GPC) experiments were carried out on a Waters M- 
6000A pump with two ultrastyragel columns (500 A and 1,000 A) in tandem using THF 
eluent and a differential refractometer detector. Polystyrene standards were used to  obtain a 
calibration plot. The molecular weight distribution of the THF-soluble coal samples were 
based on the elution time and the standard calibration plot. 

NMR experiment. 

RESULTS AND DISCUSSION 
Solubility S tudies  

The work-up of the coal/K-CE reaction mixture and the extraction of coal into different 
soluble fractions (THF-1 fraction, alkali-soluble fraction, and THF-2 fraction) are shown in 
Figure 1. The percent coal solubilized in the various fractions is summarized in Table 1. 

Our previous report (2) suggests that the solubility of K-CE treated coal is related to the 
stoichiometries of the reactants. We found that when the ratio of potassium to coal was 
decreased, the solubility of coal decreased significantly. We also found that successive K-CE 
reactions with coal solubilized additional coal. A total solubility of up to 70% was obtained 
after a coal sample was consecutively treated with K-CE reagent for three to four times. 
These results suggest that the diffusion of the solvated electrons into the coal matrix is an 
important factor in determining the solubility of coal, (the amount of soluble coal oligomer 
fragments formed) after the K-CE reaction. 

The present results showed that the diffusion of the solvated electrons is, indeed, an 
important factor in determining the solubility of the coal, especially the alkali-soluble frac- 
tion, in the coal/K-CE reactions. AB shown in Table 1, when the coal particle size was 
changed from -20 mesh to -100 mesh, the alkali-soluble fraction increased from 25% to 47%, 
whereas the THF-1 and THF-2 fractions did not change significantly. A smaller particle size 
of coal provides more surface area which allows more of the solvated electrons to react with 
the aryl ether, ester, and aryl ethane linkages of the coal macromolecule. The alkali-soluble 
fraction increased two fold on going from a -20 mesh coal particle size to -100 mesh, while the 
THF-1 and THF-2 fractions were not affected as much. These results suggested that the 
cleavage of the aryl ether and ester linkages was a predominant reaction during the coal/K- 
CE reaction. 

The alkali-soluble fraction was also subjected to THF extraction. The results are summar- 
ized in Table 2. It was interesting to note that the THF extractability of the alkali-soluble 
fraction from the second KlCE reaction (72%) was higher than that of the first K-CE reac- 
tion (55%). During the second K-CE treatment, greater reduction of the polar groups of the 
coal structure, such as aromatic hydroxyl group to a corresponding less polar dihydro-ketone 
group, would account for the observed higher solubility in THF. 

Elemental  Analysis 

Elemental compositions of the soluble fractions, the insoluble fractions, and the original 
premium Wyodak coal are shown in Table 3. The results show tha t  there was an overall 
increase of the hydrogen content. This hydrogen uptake suggested that Birch-Huckel type 

332 



reductions, and cleavage of aryl methylene linkages and ether linkages occurred during the 
K-CE reaction (7). 

THF-1 and THF-2 fractions show relatively high H:C ratios indicating that these fractions 
are rich in aliphatic material. The THF-1 extraction step (Figure 1) extracted the non-polar 
hydrocarbon material, that arose from the cleavage of the macromolecular network or was 
present as trapped molecules. THF-2 step extracted hydrocarbon material containing some 
polar functionality like OH, or COOH groups (confirmed by high field proton NMR spectros- 
copy) discussed in the next section. Under alkaline conditions, they are present in salt form 
(Le., -0-W), and therefore, not extracted during the THF-1 extraction. However, these com- 
pounds were not acidic enough (contained more hydrocarbon groups, to make it alkali- 
soluble). Acidification of the residue converted the salts into the free acid form (O--W to 
-OH) and this rendered the hydrocarbon material THF extractable. 

An oxygen balance of the K-CE reaction is shown in Table 3. The result showed that 
there was no significant increase or uptake of oxygen during the reaction. This was important 
to  establish because of the distinct presence of a number of oxygen functionalities like car- 
boxylic groups, phenolic -OH groups, and carbonyls in all the extracts. Therefore, the appear- 
ance of these oxygen functionalities arose by chemical transformations (cleavage reactions, 
reductions) of the original oxygen functionalities. 

Gel Permeation Chromatography Analysis 

GPC was carried out on all the THF-soluble fractions including THF-1 fraction, THF-2 
fraction, and THY extract of the alkali-soluble fraction. GPC experiments were expected to 
yield information on the size (molecular weights and molecular weight distribution) of the 
various clusters being held together by K-CE cleavable linkages. The absolute molecular 
weights of the coal extracts were not determined. The results of the GPC analysis are sum- 
marized in Table 4. 

The results show that K-CE reagent is dismantling the coal macromolecule into low 
molecular weight, non-polar, hydrocarbon material (THF-l), large (34,000-42,000 and 900- 
1400) polar oligomer fragments (THF extract of the alkali-soluble fraction), and a second 
hydrocarbon fraction (Mw 1300-2200) containing few polar (-OH) functionalities. The results 
also suggested that upon second consecutive treatment of the coal sample, the size of the 
resulting coal oligomer fragments are slightly larger than that of the first K-CE reaction. A 
definite confirmation of these results would require the determination of the absolute molecu- 
lar weight of the coal extracts. 

Infrared Spectroscopy 

Infrared spectra of the soluble fractions were obtained and compared to that of the origi- 
nal untreated coal. IR spectra of THF-1 and THF-2 fraction both showed strong absorption 
at the aliphatic C-H stretching regions, which corresponds well with the finding of the 
microanalysis. The carbonyl absorption bands (1725 and 1700 ern-') are found in the IR spec- 
t ra  of all the soluble fractions. These carbonyl absorptions are attributed to the functional 
groups such as ketone and carboxyl which arose from the reduction of the phenolic OH and 
the cleavage of the ester groups (2,Q). 

NMR Spectroscopy Analysia 

Proton NMR spectra of the soluble fractions are shown in Figure 2. The spectra of THF-1 
and THF-2 fractions (Figure 2A and Figure 2C) confirmed that hydrocarbon material is more 
abundantly in the THF fractions than in the alkali-soluble fraction. Strong signals a t  1.3 
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ppm and at  1.0 ppm correspond to the methylene protons of long chain polymethylenes and 
the parafinic methyl protons respectively. Broad signals a t  9-10 ppm and 11-13 ppm 
corresponding to  the phenolic protons and carboxylic protons respectively are found in the 
spectra of the alkali-soluble fraction and the THF-2 fraction. The broad signals disappeared 
from the spectra upon the addition of D,O to  the NMR samples thus confirming the presence 
of these acidic protons. The disappearance of the 4.0 ppm strong broad signal on addition of 
&O t o  the NMR sample, suggested the presence of aliphatic alcohols. These aliphatic 
alcohols could arise from the cleavage of the ester linkage of the coal macromolecule. 

I3C NMR spectra of the alkali-soluble fractions from first and second K-CE reactions are 
shown in Figure 3. I t  is interesting to note an increase in the intensity of the peak centered 
around 110 ppm (corresponding to olefinic carbons) in the spectrum of the alkali-soluble frac- 
tion from the second K-CE reaction. The results suggest that during the second K-CE treat- 
ment, more of the aromatic ring of the coal oligomer fragments were reduced to the 
corresponding dihydroaromatics. The spectrum of the alkali-soluble fraction from second K- 
CE reaction also showed a sharp decrease in the intensity of the alkane carbons resonances. 

The proton and I3C spectra of the soluble fractions obtained from the K-CE treated prem- 
ium Wyodak coal were compared with the proton and I3C spectra of similar fractions of the 
K-CE treated regular Wyodak coal obtained from Electric Power and Research Institute 
(EPRI), and stored under water. The spectra are compatible, i.e., the same distinct struc- 
tural characteristics are observed in the soluble fractions from both the premium Wyodak 
and regular Wyodak coals. 

SUMMARY 
In this paper we have shown that a total of 53% premium Wyodak coal was solubilized 

into THF- and alkali-soluble fractions after the first K-CE reaction. The alkali-soluble frac- 
tion accounted for 89% of the total solubles. This result is consistent with our previous 
findings using the regular Wyodak coal obtained from EPRI. The results showed that a 
decrease in the coal particle size increased the amount of alkali-soluble coal formed. The oxy- 
gen balance, based upon the results of the elemental analysis, showed that the oxygen func- 
tionalities (phenolic and carboxylic OH groups and carbonyl groups) found in all the soluble 
fractions arise by chemical transformations (cleavage reactions, reductions) of the original 
functionalities. 
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Table 1. Solubility of Premium Wyodak Subbituminous 

THF-1 Alkali-Soluble THF-2 Total 
Fraction 1%) Fraction (%) Fraction (%I 

One K-CE 
Reaction4 7 25 2 34 

Total of Two 
K-CE Reaction" 9 29 6 44 

One K-CE 
Reaction' 4 47 2 53 

a. 

b. 

Particle size of coal was -20 mesh. 

Particle size of coal was -100 mesh. 

Table 2. THF Solubility of Alkali-Soluble Fractions 
and Total Solubility in THF for Wyodak Subbituminous' 

% THF Solubility 
of Alkali-Soluble Fraction 

Total % THF 
Solubility for Wyodak 

First K-CE ~ 

Reaction (20 mesh) 55 (out of 21%) 24 

Second K-CE 
Reaction (20 mesh) 72 (out of 14%) 15 

First K-CE 
Reaction (100 mesh) 53 (out of 47%) 31 

a. 

b. 

THF extraction of untreated Wyodak coal was negligible. 

This includes THF-1 and THF-2 fractions, and THF fraction of alkali-soluble. 
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Table 3. Elemental Analysis of Premium Wyodak Subbituminous 
and Soluble Fractions' (Moisture and ash-free values) 

Coal Empirical 
Samples C H 0 N S H/C Yield%' Formula 

Wyodak' Subbituminous 74  6.1 20 0.40 0.50 0.83 Ci&dJm 

THF-1 Fraction 77.9 8.9 12.9 0.20 0.36 1.37 7.38 Cl&lmO12 

Alkali-Soluble Fraction 71.2 4.9 22.3 0.98 0.69 0.82 26.01 Cl&aO, 

THF-2 Fraction 74.6 7.4 16.8 0.54 0.63 1.19 2.45 Cl&llDO17 

Inwluble Fraction 72.1 6.4 21.1 0.89 0.52 0.90 57.82 Cl&wOz 

Total Yield I - - - - -  

Normaliied to C,m - - - - - -  
92.66 ~,;~,eolD.8 

- C , d m 0 , ,  

a. 

b. 

e. 

The results reported here are from first K-CE reaction. 

These values are from the Argonne National Laboratory reported data. 

The solubility % yield from first K-CE reaction. 

Table 4. GPC Results of THF Soluble Fractions - 
Molecular Weight Distribution 

NumbeLAverage Weight - Average Peak Mol. Wt. 
M M. 

Firet K-CE Reaction' 
THF-1 Fraction 414 1441 1117 
THF-2 Fraction 986 4029 2244 
Alk-THF Fraction 23,990 27,170 33,880 

532 1457 930 

Second K-CE Reaction' 
THF-1 641 1981 906 
THF-2 1079 4059 1319 
Alk-THF Fraction 32,345 35,030 42,204 

One K-CE Reactionb 
THF-1 Fraction 522 1606 , 956 
THF-2 Fraction 1310 4070 1784 
Alk-THF Fraction 20,080 24,860 35,714 

1062 2553 . 1395 

a. 

b. 

The coal particle siie was -20 mesh. 

The coal particle size was -100 mesh. 
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b 

Residue subjected to a 
Second K-CE Reaction, 
and a Third, etc. 

\L 
Wyodak Coal + K-CEKHF 

1. Quenched at 0°C 
2. Lyophilized 
3. Alkaline Residue; 

Extract with THF 

\L 
[THF-I] 

Evaporate THF; 
Acidify Filtrate 
Wash with H20 

\L 
Residue 

Water; Alkali Wash 

I 
Alkali Solubles 
Precipitate Coal Oligomers 
With Acid 

Extract with THF 

\L 
Alkali-THF Soluble 

\L 
THF- 
Insoluble 

Residue *Acidified 
Washed with H20; 
Reject Washings 
[CE; K-Salts] 

Figure 1. Work-up of the CoallK-CE Reaction. 

Extract with 
THF 

\L 
Resldue 

L 
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